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Abstract A significant logistic factor as to the suc-
cessful clinical application of the autologous tissue
engineering concept is efficient transportation: the
donor cells need to be delivered to tissue processing
facilities which in most cases requires air transporta-
tion. This study was designed to evaluate how human
chondrocytes react to X-ray exposure. Primary cell
cultures were established, cultured, incubated and ex-
posed to different doses and time periods of radiation.
Subsequently, quantitative cell proliferation assays
were done and qualitative evaluation of cellular pro-
tein production were performed. Our results show that
after irradiation of chondrocytes with different doses,
no significant differences in terms of cellular viability
occurred compared with the control group. These re-
sults were obtained when chondrocytes were exposed
to luggage transillumination doses as well as exposure
to clinically used radiation doses. Any damage affect-
ing cell growth or quality was not observed in our
study. However, information about damage of cellular
DNA remains incomplete.
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List of abbreviations
DMEM Dulbecco’s modified essential medium
ECM Extracellular matrix
FCS Fetal calf serum
MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H- tetrazolium bromide
PBS Phosphate-buffered saline
Introduction
Today tissue engineering of human chondrocytes has
become an emerging field in regeneration and recon-
struction of cartilage defects. Since Cima et al. pub-
lished the first report on tissue engineering of cartilage
by cell transplantation in 1991 [1], much effort has
been taken to understand the precise mechanisms of
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engineering biocompatible chondrocytes with ade-
quate morphology and function. The laboratory-scale
establishment of chondrocyte cell cultures has been
well documented by several in vitro studies [1–6].
Furthermore, in vivo experiments have been able to
show potential clinical applications of engineered cell
cultures and demonstrated the impact of biological
environments and mechanical force (e.g. motion of
human joints) on these cultures once they are im-
planted in the human body [7]. At present, ongoing
research needs to be done requiring multi-international
and interdisciplinary cooperation. This requires safe
and rapid transportation between research centres and
stability of autologous cell cultures during these jour-
neys needs to be guaranteed. Air transportation is al-
ways associated with increased radiation. In an altitude
of 10,000 m the radiation already amounts for about
5.7 mSv per year. Additionally, security standards to-
day require hand baggage X-ray transillumination at
airports.
Damage to cellular components like deoxyribonu-
cleic acid (DNA) by cosmic and ionizing radiation is
well known; therefore, the ‘‘International Commission
on Radiological Protection’’ (ICRO) developed a
consensus statement with determination of threshold
values for parenchymal organs in 1980 [8]. However,
our current knowledge base about the impact of radi-
ation on cell cultures used in tissue engineering is
limited. Considering the effective annual radiation
dose in Switzerland of 4, 2.8 mSv is attributed to nat-
ural causes and 1.6 mSv to radon. Keeping these doses
in mind, a negative influence on the viability of cell
material seems obvious in Switzerland [9]. Moreover,
cosmic radiation in general amounts for 0.3 mSv
resulting in a total radiation (terrestical and cosmic) of
2.1 mSv per year at sea level in further dependency on
latitude [10]. Interestingly, radiation doses of conven-
tional thoracic X-rays are approximately 0.02 mSv per
examination [10].
We hypothesized that primary chondrocyte cell
cultures may be adversely influenced by these radiation
influences. Therefore, in the present study human iso-
lated chondrocytes were analysed by functional tests
and statistically evaluated.
Materials and methods
All chemicals or solvents were purchased from Sigma-
Aldrich Inc. (Buchs, Switzerland) unless stated other-
wise. The components for MTT cell proliferation assay
were obtained from Sigma- Aldrich Inc. (Buchs,
Switzerland) and Fluka/ Riedel- de Ha¨en Inc. (Buchs,
Switzerland). Technical equipment came from NuAire
(Corning/Costar USA, Distributor Vitaris AG, Baar,
Switzerland) and medium, fetal calf serum and antibi-
otics by PAN Biotech (Germany, Distributor Teco
Medical, Switzerland).
Cell culture
Chondrocytes were isolated from an amputate derived
from a traumatic foot amputation of a 4-year-old child
(male). Articular cartilage was harvested surgically
under sterile conditions from the specimen and con-
served in DMEM cell culture medium containing 10%
fetal calf serum (FCS) and gentamicin solution. Sub-
sequently, the cells were stored at 4C for 24 h and
then either snap-frozen for later applications or di-
rectly used for growing of a cell culture.
Cartilage samples were enzymatically digested with
0.3% collagenase II at 37C for a maximum of 20 h
with DMEM and antibiotics without FCS. The digested
cartilage suspension was filtered using a sterile 250 nm
nylon filter and centrifuged at 400g for 5 min. The cells
were washed twice with DMEM medium containing
10% FCS. Cell number and viability were determined
by cell counting using a hemocytometer and Trypane
blue dye exclusion. Resulting cell pellets with viability
percentage values of more than 85% were used for cell
culture. The cells were resuspended in DMEM cell
culture medium.
Chondrocytes were maintained using DMEM as a
culture medium supplemented with 10% FCS, 50 lg/ml
Gentamicin, 0.4 mM Prolin and 50 lg/ml ascorbic acid;
morphologically, the cultures consisted of a two-
dimensional chondrocyte monolayer in a 75 cm2 cell
flask (Corning/ Costar USA, Distributor Vitaris AG,
Baar, Switzerland) which was seeded with about 50,000
cells [11]. The chondrocytes were expanded and incu-
bated in monolayer culture about four passages (Nuaire
IR Autoflow, 37, 5% CO2, 80% relative humidity).
After harvesting, isolation and conservation of
chondrocytes the cell cultures were assigned to one of
the following ten groups according to a randomization
protocol. The first three groups of cell cultures were
brought to the international airport Zurich (airport
group) where they were passed through a baggage
transillumination standard device produced by Smiths
Heimann (Wiesbaden, Germany). [FRG designation:
Smiths Heimann rear CAN 6040i, speed 0.2 m/sek, X-
ray-dose:1.4 lSv (0.14 mrem), approx.. 0.26 lSv by
inspection (controlled), X-ray power:140 kV/a; radia-
tion arranged diagonally from down upwards.] All
three groups were then irradiated using a fixed dose
and X-ray power but different time intervals. Passing
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through transillumination one time induces a radiation
time of 1,500 ms. Group two and three were treated
repeatedly in the same fashion (Table 1).
Another six groups were irradiated at the depart-
ment for diagnostic radiology. We adopted a device by
Siemens that is a modular remote and tableside-con-
trolled overtable fluoroscopy system for universal
applications (Siemens designation: Model Siregraph
D). Three groups of the cultures were irradiated with
three different doses over one time unit. The other
groups were irradiated with a dose at three different
time frames.
Additionally to the nine experimental groups we
used one control group that was functionally tested
without any prior radiological treatment. During irra-
diation the cell cultures of the experimental groups
were always maintained at 4C using ice cooling [12].
MTT assay
Cell cultures of each group were tested repeatedly
within 10 days for metabolic activity. The MTT assay
determines viable cell quantity and is based on the
mitochondrial conversion of tetrazolium salt [3-(4,5-
Dimethyl-2- thiazolyl)-2,5-diphenyl-2H- tetrazolium
bromide (MTT)] [13]. In the present study we used a
modified assay to quantitatively assess the viable
chondrocytes as described by Zu¨nd et al. [14]. 50,000
cells resuspended in 0.1 ml DMEM were placed in a
24-well culture plate. Subsequently, 250 ll DMEM and
20 ll MTT solution (5 mg/ ml MTT in PBS) were ad-
ded to each well at eight different time points within
the first 10 days and incubated at 37C for 1 h. The
supernatant was discarded and replaced by 400 ll iso-
propanol with 10% formic acid. Samples were again
incubated at 37C for additional 5 min and vortexed
for another 10 min. Finally, the MTT absorbency val-
ues of the resulting solution were measured using an
ELISA reader (Dynatech 5000, Dynatech, Billinghurst,
UK) at a wavelength of 570 nm.
The samples were lyophilised and weighed. Subse-
quently, the protein digesting took place for the
exposure of the cartilage with Proteinase K at 56C
overnight. Then, we initiated the colour reaction of the
sulphated glycosaminoglycans (GAG) with 1,9 di-
methyl-methylene blue chloride (Serva Electrophore-
sis Heidelberg, Germany). Quantification of protein
production was obtained by comparison with a stan-
dard curve in accordance with a dilution series of
chondroitin sulphate B from bovine cartilage (Sigma
Aldrich Corporation, Switzerland).
Cell cultures were kept in 4.5% formaldehyde
solution (pH 7) for further histological examination.
They were stained with HE and cell viability was
microscopically evaluated (dye exclusion technique
and morphological parameters).
Statistics
Groups were statistically analysed using the Student’s t
test for paired samples (with Bonferroni correction).
Differences between groups was tested by repeated
ANOVA analysis. Significance threshold was set at a p
value of equal or less than 0.001.
Results
Results of MTT analysis showed a clearly positive
continuous cell growth in all groups. The steepest
gradient of increase in cell growth can be found be-
tween 120 and 192 h after X-ray. The maximum
mitochondrial activity of chondrocytes was found at
day 10 (216 h culture time). After that 216 h all groups
showed a constant decline of cell growth. During the
first 3 measurements (0–72 h) a comparable growth is
recognizable. There are two slight irregularities along
the growth curve. One experimental group showed a
temporarily decline in growth at day 5 after 120 h. Two
further experimental groups point their maximum of
cell number at the 6th measurement (192 h) with
subsequent decreasing results. In order to maintain a
comparison of the individual test groups, the respective
MTT values were analysed for the corresponding
Table 1 Effective dose during irradiation of the chondrocytes with specification of irradiation times, each group divided into four
subgroups
Group Airport Radiology
1 2 3 4 5 6 7 8 9
kV 140 141 141 141 40 81 141
mAs 2.8 5.6 11.0 2.8 2.8 2.8
ms 1,500 3,000 4,500 280 12.2 24 4.28 3.55 6.15
1 lG 256 460 914 8.52 62.9 213
2 lG 257 464 950 11.8 77.1 229
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measurement using a growth curve (Fig. 1). No statis-
tical difference for p < 0.001 of cell density can be
found in all groups at any time.
In the groups of the cells irradiated at the airport, a
low growth deficit could be documented in contrast to
the groups treated at the Department of Diagnostic
Radiology. Again no statistical significance (p < 0.001)
for all groups in the comparison to the control-group
and between all experimental groups (airport and
department for radiology) was reached.
The measured glycosaminoglycane concentration
was 120.50 lg/mg (95.13%) in the airport group and
120.00 lg/mg (94.73%) in the radiology group. In
relation to the lyophilised sample with a weight of
0.0048 mg, a GAG value of 126.67 lg GAG per lg
sample (100%) can be calculated. Hence, a quantita-
tive evidence of matrix production indicates the pres-
ence of viable chondrocytes.
Evaluation of light microscopy showed similar
morphology of the cells between all groups. There
were sheets of fibroblast-like spindle cells with a
moderately wide eosinophilic cytoplasm and oval-
shaped nuclei with small nucleoli. Occasional mitotic
figures could be observed in our samples. Figure 2
shows a representive picture of chondrocytes after
irradiation at day 10 (Fig. 2).
Discussion
Cartilage tissue engineering requires adequate expan-
sion of isolated donor chondrocytes, because a stable
and functioning engineered construct within a physio-
logical environment will always depend on sufficient
cell quality and growth capacity [15, 16]. Today, there
is an increasing knowledge regarding repair mecha-
nisms of these isolated and cultured chondrocytes,
however any damage to these cells needs to be avoided
during cell processing [4, 16, 17].
In this study we were able to show that the growth of
chondrocyte cultures is not significantly impaired by
radiation with different and repeated X-ray doses. All
groups demonstrated an increase in cell numbers
within the first 10 days after irradiation.
One experimental group showed a minimal decline
of MTT count at the 4th measurement after 120 h. The
exact cause of these findings remains unclear. The
following measurements in this group revealed again a
steep gradient in growth adapting to the growth pattern
of the other groups. This excludes the hypothesis that
the culture medium was insufficient or wasted. The
highest cell numbers were noticed at 216 h after X-ray
except two experimental groups which already had
their maximum at the 6th measurement (192 h). We
hypothesize that the waste of MTT counts at day 8 and
9 appears to be caused by the lack of available culture
medium as this is only sufficient for a certain cell
number within the defined drawing spaces in the 24-
well plates.
Generally, cell growth is strongly associated with
various different and very complex molecular pro-
cesses that can duplicate cell DNA. It is well known
that some components of DNA are most sensitive to
radiation and that repair mechanisms of the cell are
often ineffective due to these irreversible damages [10,
12]. Lo¨brich et al. described radiation-induced damage
to DNA and that aggregation of base damage can lead
to cell death, mutations and even generation of cancer
[10, 12]. Whether the temporary decline in cell growth
at day 5 (120 h) in our study was due to the influences
Fig. 1 MTT count of
experimental groups and
control group at eight
different time points within
the first 10 days after
treatment
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of radiation and subsequent repair mechanisms of the
cell could not be determined. The lower cell losses in
the group of the cells irradiated in the radiology with a
higher dose corresponded also with the results of
Ogawa, who determined an irradiation tolerance of
20 Gy when comparing lymphocytes and chondrocytes
and then classified them by means of the reactive
oxygen species (ROS) [18]. Furthermore, it has to be
noted that the relative biological effectiveness (RBE)
increases with decreasing X-ray energy. This increase
of RBE induces a greater occurrence of double-strand
breaks. If and to what extent these molecular patho-
mechanisms contribute to the insignificant differences
in our growth curve remains unclear.
In addition to that, clinical X-rays and transillumi-
nation checks at airports only use indirect radiation.
The impact of direct radiation, however, on isolated
donor chondrocytes has not been evaluated in our
study.
Some studies were able to show that an effective
dose of 10 Gy has a significant effect on the formation
of p38-MAPK and the metabolism of proteoglycane
with different effects on the cell differentiation and
growth. The formation of prostaglandin E2 could not
be influenced within these experimental settings
[19–21]. In another study by Ryan et al. the authors
observed that the viability and the metabolism of
chondrocytes were impaired by radiofrequency energy
[22]. Damron et al. demonstrated a qualitative and
quantitative effect of irradiation (17.5 Gy dose) on the
growth plate of the tibia and femur which caused a
decreased growth rate during the first week after
irradiation. However, after 2 weeks growth rate had
returned to baseline values and was constantly associ-
ated to proliferation of chondrocytes [17].
In conclusion, we believe that cell cultures of iso-
lated donor chondrocytes can be exposed to lower
doses of radiation as used for general X-rays today.
Furthermore, transportation of these chondrocyte cul-
tures with special regard to transillumination checks at
airports seems reasonable as cell numbers and growth
rates are unaffected by transillumination.
Acknowledgments We owe special gratitude to the employees
of the Police Department at Zurich International Airport, par-
ticularly to Mr. Wuest, who supported us very kindly both in the
planning and the execution phase of our experiments. Likewise,
we thank SwissLife for supporting our study.
References
1. Cima LG et al (1991) Tissue engineering by cell transplan-
tation using degradable polymer substrates. J Biomech Eng
113:143
2. Langer RS, Vacanti JP (1999) Tissue engineering: the chal-
lenges ahead. Sci Am 280:86
3. Langer RS, Vacanti JP (1993) Tissue engineering. Science
260:920
4. Hunziker EB (2002) Articular cartilage repair: basic science
and clinical progress. A review of the current status and
prospects. Osteoarthritis Cartilage 10:432
5. Hunziker EB (2000) Articular cartilage repair: problems and
perspectives. Biorheology 37:163
6. Vacanti JP, Langer R (1999) Tissue engineering: the design
and fabrication of living replacement devices for surgical
reconstruction and transplantation. Lancet 354:132
7. Oakes BW (2004) Orthopaedic tissue engineering: from la-
baratory to the clinic. MJA 180:35
8. Sowby FD (1980) Statement and recommendations of the
international commission of radiological protection from its
1980 meeting. Radiology 136:239
9. Vock P, Valley JF (2004) Medizinische Strahlenexposition in
der Schweiz- Teil 1: Frequenzen, Dosen, Konsequenzen.
Swiss Medical Forum 34:845
10. Rothkamm K, Lo¨brich M (2003) Evidence for a lack of
DNA double-strand break repair in human cells exposed to
very low X-ray doses. Proc Natl Acad Sci USA 29:5057
11. Ogawa Y, Takahashi T et al (2003) Comparison of radiation-
induced reactive oxygen species formation in adult articular
chondrocytes and that in human peripheral T cells: possible
implication in radiosensitivity. Int J Mol Med 11:455
12. Lo¨brich M, Rief N, Kuhne M, Heckmann M, Fleckenstein J,
Rube C, Uder M (2005) In vivo formation and repair of
DNA double-strand breaks after computed tomography
examinations. Proc Natl Acad Sci USA 21:8984
13. Mosmann T (1983) Rapid colorimetric assay for cellular
growth and survival: application to proliferation and cyto-
toxicity assays. J Immunol Methods 65:55
14. Zu¨nd G, Ye Q, Hoerstrup SP, Schoeberlein A, Schmid AC,
Grunenfelder J, Vogt P, Turina M (1999) Tissue engineering
in cardiovascular surgery: MTT, a rapid and reliable quan-
titative method to assess the optimal human cell seeding on
polymeric meshes. Eur J Cardiothorac Surg 15:519
15. Koch RJ, Gorti GK (2002) Tissue engineering with Chon-
drocytes. Facial Plast Surg 18:59
Fig. 2 Histologically the morphology of the cells was the same in
all examined specimens: sheets of plump spindle cells with
occasional mitotic figure (original magnification · 400; hematox-
ilin and eosin staining)
Bioprocess Biosyst Eng (2006) 29:415–420 419
123
16. Mandl EW, Van der Veen SW, Verhaar JAN, Van Osch
GJVM (2004) Multiplication of human chondrocytes with
low seeding densities accelerates cell yield without losing
redifferentiation capacity. Tissue Eng 10:109
17. Damron AD, Margulies BS, Strauss JA, O‘Hara K, Spadaro
JA, Farnum CE (2003) Sequential histomorphometric anal-
ysis of the growth plate following irradiation with and
without radioprotection. J Bone Joint Surg Am 85:1302
18. Kamil S, Rodrigruez A, Vacanti CA, Eavey RD, Vacanti MP
(2004) Expansion of the number of human auricular chon-
drocytes: recycling of culture media containing floating cells.
Tissue Eng 10:139
19. Takahashi T, Mizobuchi H, Toda M, Maeda A, Mizuno S,
Ogawa Y, Yoshida S, Yamamoto H (2003) Metabolic effects
of X-ray irradiation on adult human articular chondrocytes.
Int J Mol Med 11:631
20. Jikko A, Hiranuma H, Iwamoto M, Kato Y, Okada Y, Fu-
chihata H (1996) Effects of X irradiation on metabolism of
proteoglycans. Radiat Res 146:93
21. Hiranuma H, Jikko A, Iwamoto M, Fuchihata H (1996) Ef-
fects of X-ray irradiation on terminal differentiation and
cartilage matrix calcification of rabbit growth plate chon-
drocytes in culture. Bone 18:233
22. Ryan A, Bertone AL, Kaeding CC, Backstrom KC, Weisb-
rode SE (2003) The effects of radiofrequency energy treat-
ment on chondrocytes and matrix of fibrillated articular
cartilage. Am J Sports Med 31:386
420 Bioprocess Biosyst Eng (2006) 29:415–420
123
